IL-7 signaling is required for thymocyte development and its loss has a severe deleterious effect on thymus function. Thymocyte-stromal cell interactions and other mechanisms tightly regulate IL-7 expression. We show that disruption of that regulation by over-expression of IL-7 inhibits T-cell development and promotes extensive B-cell lymphopoiesis in the thymus. Our data reveal that high levels of IL-7 negate Notch-1 function in thymocytes found in IL-7 transgenic mice and in co-culture with OP9-DL1 cells. While high levels of IL-7R are present on thymocytes, increased suppressor of cytokine signaling-1 expression blunts IL-7 downstream signaling, resulting in hypo-phosphorylation of proteins in the PI3K-Akt pathway. Consequently, GSK3β remains active and inhibits Notch-1 signaling as observed by decreased Hes-1 and Deltex expression in thymic progenitors. This is the first demonstration that high levels of IL-7 antagonize Notch-1 signaling and suggest that IL-7 may affect T-versus B-lineage choice in the thymus.
Introduction
A regular influx of bone marrow (BM)-derived precursor cells into the thymus is required for sustained T-cell development. While in transit and upon arrival at the thymus, accumulating effects of signals delivered in discrete environmental niches shape the developmental potential and direct the lineage choice of precursor cells. IL-7 receptor (IL-7R) signaling plays a critical role in T-cell development (1) . Although intra-thymic early thymocyte precursor (ETP) cells do not express IL-7R, recent data based on a IL-7R reporter system indicate that about 85% of ETPs have expressed IL-7R prior to seeding the thymus (2) , providing an opportunity for prior IL-7 exposure to influence responses to downstream developmental signals. By the double negative 2 (DN2) stage, IL-7R is expressed and IL-7 plays a critical role by providing survival and proliferation signals to T-cell precursors. The profound defect in T-cell development observed in IL-7 null mice is mainly due to loss of precursor cells at this stage (3) . The dynamic regulation of IL-7 expression within the thymus underscores its importance in T-cell development. Thymic IL-7 expression occurs at varying levels in localized regions (4, 5) . In addition, recent data indicate that TCRβ-selected thymocytes provide a negative feedback control to modulate thymic epithelial cell production of IL-7 (6).
Notch-1 plays an important role in T cell-lineage commitment and thymocyte proliferation (1) . In experimental models that abrogate Notch-1 signaling, thymocytes are diverted into abnormal B-cell development in the thymus (7, 8) , while the reciprocal Notch gain-of-function studies result in abnormal T-cell development at the expense of B-cell development in the BM (9) . Therefore, precise regulation of Notch activity is required for efficient B and T lymphopoiesis. Notch function is inhibited when phosphorylated by GSK3β kinase (10, 11) . Similarly, GSK3β kinase function is inactivated when Akt phosphorylates GSK3β following activation by IL-7 or other signals (11) . Therefore, inactivation of GSK3β with lithium chloride or by other means leads to a dramatic increase in Notch signaling (10) (11) (12) . Another negative regulator of Notch signaling is the proto-oncogene leukemia/lymphoma related factor (LRF) encoded by the Zbtb7a gene (13) . LRF directs early lymphoid progenitors in mice to the B-cell lineage, and in its absence, B-cell development is blocked at the pre pro-B stage and T cells develop in the BM (14) .
Given the importance of IL-7 on thymopoeisis and the recent clinical use of super-physiological levels to enhance T-cell reconstitution following BM transplant (15) , we wished to determine the effect of chronic high-level exposure on thymus function. Because we were concerned about uncontrollable variables inherent in studies done in vivo using exogenous administration of IL-7, we produced a transgenic (Tg) mouse line that expresses IL-7 driven by the proximal lck promoter resulting in a high level of IL-7 expression. In this study, we show that high IL-7 levels, such as those found in the IL-7 Tg mice, actively inhibit Notch-1 signaling and result in defective αβ T-cell development, while abnormally high numbers of developing B cells are found in the thymus. These findings are confirmed in vitro using precursor cells and OP9-DL1 co-cultures (16) . Therefore, high IL-7 levels within a clinically relevant range dysregulate T-and B-cell development in the thymus by opposing Notch-1 signaling.
Methods

Animal procedures
The IL-7 Tg mice were bred and housed at National Cancer Institute (NCI) facilities. All animal procedures were done according to National Institutes of Health and Animal Care and Use Committee guidelines.
Antibodies and analytical flow cytometry
Anti-IC STAT5 and biotinylated Lin Abs (Becton Dickinson, San Jose, CA). The Lin cocktail included anti-CD3 (2C11), anti-TCRβ (H57), anti-CD8α, anti-B220 (CD45R), anti CD19, anti-Mac-1 (2CD11b), anti-NK1.1 (PK136), anti-GR-1, anti-TCRγ (GL3), anti-TER 119 and anti-CD11c. All other antibodies were supplied by eBiosciences, San Diego, CA. For thymic common lymphoid precursor-2 (CLP-2) analysis, B220 and CD19 Abs were absent from the lineage cocktail and anti-CD25 (clone 7D4) antibody was added. For co-culture experiments, the stromal cells were excluded from the analysis by gating out GFP + (FITC) and CD45 − cells. Fluorescence data were displayed using Flowjo software (Tree Star, Ashland, OR).
Mixed BM chimeras
Three-month-old C57BL/6 mice were lethally irradiated (10 Gy) prior to intravenous injection of a 50/50 mixture of 10 × 10 6 T cell-depleted BM cells from IL-7 Tg (CD45.2)/or wild type (WT) (CD45.2) mixed with congenic Ly5.2 (CD45.1) mice. Thymocytes from individual lobe recipients were analyzed as indicated 7-12 weeks after the procedure.
IP injection of anti-IL-7 or isotype control Abs
As previously described (17), 1 mg of anti-IL-7 mAb) (M25) or its isotype control (CC57) was injected three times weekly up to a total of 10 mg into IL-7 Tg mice. The mice were sacrificed 2-3 days after the last injection.
Cell enrichment and cell sorting
All FACS gates were set using control staining where cells were stained with a complete antibody cocktail in which an isotype antibody was substituted for one antibody. For DN sort and culture, thymocytes were CD8 depleted (Miltenyi Biotec, Auburn, CA). For ETP sorting, the cells were 
OP9 stromal cell co-culture
Sorted progenitors were seeded at 10 3 cells/well into 24-well tissue culture plates containing either OP9 control or OP9-DL1 cells to which 1 ng ml −1 of IL-7 and 5 ng ml −1 of Flt3 ligand were added (16, 18) . As described, 1 ng ml −1 of IL-6 and 25 ng ml −1 of IL-15 were added to DN2 culture (18) . For total lineage marker negative (Lin-), Sca + , c-Kit + (LSK) cell culture, the plates were seeded at 100 cells/well, and 50 ng ml −1 of c-kit-ligand were added for the first 10 days. Doses of IL-7 were applied at 1, 5, 10 or 40ng ml −1 to WT progenitors. Stromal cells and cytokines were changed on a weekly basis.
Real time PCR
RNA was isolated from sorted cells (Pico Pure, Applied Biosystems, Foster City, CA) and amplified if needed (Arcturis RiboAmp HS plus kit, Applied Biosystems, Foster City, CA). Quantitation was performed using a LightCycler assay (Roche Diagnostics, Indianapolis, IN) with standard curves generated from serial dilutions of cDNA from C57BL/6 thymi. Hes-1 and Deltex data were normalized to RNA input. All other data were normalized to GAPDH.
Protein preparation and immunoblot analysis
For western blot analysis, the cells were lysed in 1× radioimmunoprecipitation assay buffer plus the 10 µg ml −1 complete protease inhibitor and 1mM One-Stop phosphatase inhibitors (Roche, Indianapolis, IN). All antibodies used were from Cell Signaling, Danvers, MA, except anti-DLL1 (Abcam, Cambridge, MA), anti-DLL4 (Rockland, Gilbertsville, PA) and anti-tubulin (Santa Cruz, Santa Cruz, CA).
Statistical analysis
Statistical analysis was performed using Statview 5.0.1 software. All studies were analyzed using Student's t-test with a value of 0.05.
Results
IL-7 over-expression decreases αβ T-cell development and increases numbers of thymic B-lineage cells
The IL-7 Tg mice used in this study (previously designated TgB) express 39-fold more IL-7 mRNA that blocks αβ T-cell lineage development (17) . In parallel, abnormally robust B-cell development was taking place in the thymus of these animals (Fig. 1A) . The peak of thymic B-cell production in IL-7 Tg mice was seen at 4 weeks, when significant increases in the numbers of cells in all B-cell developmental stages were observed (Fig. 1A) . The percentages of thymic CD43 + (pro-B), (Fig. 1A) . We did not detect circulating pre-B or pro-B cells in spleen, lymph nodes or peripheral blood in 4-to 12-week-old IL-7 Tg (unpublished results). There were no differences noted in BM B-cell development in the IL-7 Tg compared with control WT mice (Supplemental Figure 1A is available at International Immunology Online). Therefore, it seemed likely that elevated IL-7 levels promoted the development of B cells at the expense of thymocyte development in the IL-7 Tg thymus.
We next sought to demonstrate that IL-7 protein was responsible for the dysregulation of thymus function observed in IL-7 Tg thymus. We first examined the expression of IL-7R on thymocytes from the IL-7 Tg mice because it has been shown that exposure to IL-7 reduces IL-7R expression on WT thymocytes (19 Figure 1C , available at International Immunology Online). Next, we used mixed BM chimeras in which WT mice were reconstituted with a one-to-one mixture of T cell-depleted BM from IL-7 Tg mice or WT littermates (expressing CD45.2) and CD45.1 + WT congenic mice (17) . In recipients of IL-7 Tg BM cells, there were higher percentages and significantly higher numbers of WT CD45.1 + B220 + cells than in the recipients reconstituted only with WT BM cells ( Fig. 1C and  1D ). Development of CD45.1 + αβ T cells was reduced in recipients of IL-7 Tg BM cells compared with controls as described in our previous paper (17) . Therefore, excess IL-7 expressed by IL-7 Tg cells altered the development of co-injected WT T-cell depleted BM cells. We also injected 4-week-old IL-7 Tg mice with a neutralizing anti-IL-7 mAb (M25) or with an isotype control mAb (CC57) (17) . A significant decrease of pro-B and pre-B cell numbers was observed in the thymus of the group injected with anti-IL-7 mAb (Fig. 1E ), in parallel with restored αβ T cell development (17) . Thymic B220 + IgM + numbers were still significantly higher in the IL-7 Tg mice injected with an anti-IL-7 mAb, which likely correspond to mature B cells produced before the mAb injection. In summary, high IL-7 levels induced an increase in thymic B-cell production along with a specific disruption of αβ T-cell development in the thymus. Both abnormalities were observed when an excess of IL-7 protein was present and were reversed when IL-7 levels were reduced.
High IL-7 doses blunt the developmental potential of ETPs
We next investigated the potential precursor cell populations that could give rise to the B cells developing in IL-7 Tg thymi. We have shown that disruption of αβ T-cell development in IL-7 Tg mice occurs after the DN1 stage (17) . The cells within the DN1 population comprise a heterogeneous collection of subpopulations based on their developmental potential and c-kit expression (20) . ETPs are a discrete subset DN1 cells defined as Lin (21) . ETPs are thought to be the intrathymic precursors responsible for canonical T-cell development and have been reported to lack robust B-cell potential (21) . Therefore, we evaluated the ETP numbers of 2-to 3-week-old IL-7 Tg mice and WT littermates. We observed a dramatic decrease in the percentage and numbers (4.3-fold) of ETP in the IL-7 Tg thymus ( Fig. 1F and Supplemental Figure 1D , available at International Immunology Online). To explore the T-and B-cell potential of sorted IL-7 Tg ETPs, we incorporated and cultured them in congenic re-aggregated fetal thymi. After 14 days, the WT thymocytes expanded by approximately 20-fold into CD4 and CD8 double positive (DP) and CD4 or CD8 single positive (SP) cells, while the IL-7 Tg ETPs barely increased 2-fold, without any distinct T-or B-cell development (Supplemental Fig. 2A and B, available at International Immunology Online). In addition, ETPs sorted from either WT or IL-7 Tg mice were equally inefficient in generating B220
+ cells when they were co-cultured with OP9-DL1 cells (Fig. 1G) . ETPs from WT mice did produce B cells at low efficiency when cultured on OP9 cells, while ETPs from IL-7 Tg mice did not (data not shown). In addition, we observed a 7-fold decrease in the number of CD90 + cells generated in OP9-DL1 co-cultures when ETPs from IL-7 Tg mice were compared with those from WT mice (Fig. 1G ). Therefore, ETPs from the IL7 Tg mice are inefficient at producing normal numbers of thymocytes and do not appear to be the source of the robust B-cell development observed in the Tg mice.
We extended these results by analyzing cells obtained from OP9-DL1 co-cultures seeded with sorted DN1 c-Kit + and DN2 c-Kit + cells from WT and IL-7 Tg mice. No DP or B cells developed from the atypical IL-7 Tg DN1 cells (Supplemental Figure 2C , available at International Immunology Online, and unpublished data). In addition, DN2 progenitors from IL-7 Tg mice showed less DP than WT cells (Supplemental Figure 2C) . Thus, progenitor cells (ETPs, DN1 c-Kit + , DN2 and DN3) from IL7 Tg mice are less efficient at producing thymocytes and do not appear to be the source of the B-cell development observed in the Tg thymus.
High IL-7 increases numbers of differentiated cells expressing B-cell markers in the thymus and in OP9-DL1 co-cultures
Because the B cells developing in the IL-7 Tg thymus did not appear to arise from ETPs, we evaluated other possible progenitor cell populations. We sorted BM-LSKs (Lin lo compatible with the CLP-2 phenotype in the thymi of 2-week-old IL-7 Tg mice (Fig. 2C) . The absolute numbers of thymic-CLP-2 cells ranged from 2700 to 6700 in the IL-7 Tg mice (n = 8), while they were absent from the thymus of WT mice. They were also found in the BM of both IL-7 Tg mice and their WT littermates (data not shown). When sorted from normal BM, CLP-2 progenitors developed into B and T cells on OP9 and OP9-DL1, respectively (data not shown). We also sorted BM-LSK-Flt3
+ from WT mice and cultured them with increasingly high doses of IL-7 ( Fig. 2D and E) . We observed an increase in the number of B220 (Fig. 2E, top panel) and AA4.1 hi (Fig. 2E,   bottom panel) . Although the proportion of these cells was below 5%, the phenotype of these cells suggests that further B-cell maturation occurred even in the presence of the strong Notch-1 stimulation found in OP9-DL1 co-cultures. Therefore, high IL-7 levels inhibit thymocyte development of BM-progenitor and 
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OP9-DL1 co-cultures while permitting a significant increase in the number of cells expressing the B-cell markers AA4.1, B220 and CD19.
Thymocytes exposed to high levels of IL-7 adopt a B-lineage specific gene expression profile
A microarray comparison of gene expression profiles of DN1 c-kit + and DN2 c-kit + progenitors revealed a widespread change in gene expression patterns reflecting down-regulation of PI3K, JAK-STAT and Notch-1 signaling pathways in IL-7 Tg mice compared with WT controls (data not shown). To extend these findings, we performed q-RT-PCR assays for several genes that have been identified as critical mediators of T-and B-cell development. LRF has been described recently as having an important role in T-versus B-lineage decision through regulation of Notch signaling (14) . Bcl11b and TCF7 are both functionally important markers for T-cell lineage choice and development (25, 26) . On the other hand, early B cell factor (EBF) and Pax5 are critical mediators of B-cell development and they repress thymopoeisis (27) . LRF expression was examined in sorted LSK-Flt3 + from WT mice and IL-7 Tg mice. Relative LRF mRNA levels normalized to hypoxanthine phosphoribosyltransferase 1 (HPRT) expression were increased 56-fold in LSK-Flt3 + progenitors from IL-7 Tg mice compared with WT mice (Fig. 3A) . The analysis of the other genes was done using sorted c-Kit + DN1 cells from 1-to 2-month-old IL-7 Tg and WT mice and normalized using GAPDH expression. We observed that the thymocyte markers Bcl11b and TCF-7 were dramatically decreased in IL-7 Tg DN1 cells in addition to a substantial increase in the expression of the B-cell restricted genes EBF and Pax5 in these cells (Fig. 3A) .
Decreased Notch-1 signaling and attenuation of the PI3 kinase pathway in the IL-7 Tg thymus
We documented apparent thymic B-cell differentiation coupled with inhibition of T-cell development in the thymus of IL-7 Tg mice and in OP9-DL1 co-cultures treated with high levels of IL-7. Because both of these models contain ample Notch-1 ligand and because the response to high IL-7 is similar to that observed in Notch-1-deficient mice, we hypothesized that a down-regulation of Notch signaling in thymocytes might occur in high IL-7 conditions. First we confirmed that the expression of the Notch-1 and DLL1 and DLL4 were normal in IL-7 Tg thymi using qRT-PCR (Supplemental Figure 4A is available at International Immunology Online). Western blots confirmed that DLL1 and DLL4 protein levels in the IL-7 Tg thymus were similar to the WT control (Supplemental Figure 4B , available at International Immunology Online). In addition, Notch-1 mRNA levels in sorted DN1 and DN2 thymocytes from Tg or WT mice were not significantly different (unpublished data). We analyzed mRNA expression of the Notch-regulated genes Hes-1 and Deltex in c-Kit + DN1 cells sorted from IL-7 Tg mice and normal littermates (Fig. 3B) . In IL-7 Tg c-Kit + DN1 cells, Hes-1 expression was decreased on average 9-fold (range, 7.1-14.5) and Deltex 28-fold (range, 11.4-35) (Fig. 3B) . We also noted a significant decrease in the expression of both Hes-1 and Deltex in IL-7 Tg-DN2 progenitors compared with WT (P < 0.0001 for both genes, data not shown), as well as a decrease in Hes1 expression in IL-7 Tg-DN3 progenitors compared with WT (data not shown). The same results were obtained in c-Kit + DN1 generated in vitro using OP9-DL stromal cells with WT LSK-Flt-3 + cells cultured with high doses of IL-7. Hes-1 expression was decreased 12-fold and Deltex was undetectable in cells exposed to 10 or 40 ng ml −1 IL-7 compared with 1 ng ml −1 IL-7-treated samples (Fig. 3B) . Again, a similar decrease in Hes1 expression was observed in DN3 cells sorted from OP9-DL1 co-cultures treated with 10 or 40 ng ml −1 IL-7 compared with controls treated with 1 ng ml −1 IL-7 (data not shown). Therefore, we documented an overall reduction of Notch target genes in precursor cells exposed to high levels of IL-7 in culture or in our IL-7 Tg mice.
Total thymocytes from IL-7 Tg mice and WT matched controls were used to study PI3K signaling by western blot. Phosphorylated regulatory (p85α) PI3K subunit, phosphorylated PDK-1 and phosphorylated Akt at Ser 473 and Thr 308 were decreased in IL-7 Tg mice, while total Akt protein and tubulin content were similar (Supplemental Figure 4C is (Fig. 3C , middle lanes). WT progenitors cultured with high dose of IL-7 also showed lower phospho-Akt at ser 473 (Fig. 3C , right lanes). These in vitro data confirm our in vivo results that show disrupted PI3K-Akt signaling in cells exposed to high levels of IL-7.
These findings suggested that, in spite of availability of IL-7 and its receptor, the IL-7 signaling pathway was blunted. Therefore, we examined expression of the suppressor of cytokine signaling-1 (SOCS-1) protein that directly binds to JAKs and inhibits downstream IL-7-induced events (28) . We analyzed the expression of SOCS-1 by RT-PCR in thymocyte progenitors treated with high IL-7 doses. In cells cultured on OP9-DL1 stromal cells, SOCS-1 expression was increased in DN1 c-Kit + from IL-7 Tg (5-fold) and WT cells cultured with 40 ng ml −1 of IL-7 (6-fold) compared with cells cultured with 1 ng ml −1 of IL-7 (Fig. 3D) . SOCS-1 expression was also increased in cultured DN2 c-Kit + (20-fold) and DN3 c-Kit − cells (5-fold) (Fig. 3D) , and in freshly sorted DN3 (2.5-fold) and DN4 (2.8-fold) cells from IL-7 Tg mice compared with WT mice (Fig. 3E ). In accord with increased SOCS-1 expression, we observed decreased levels of STAT5 phosphorylation in thymocytes from IL-7 Tg compared with normal WT mice (Fig. 3F) . Therefore, the increased levels of SOCS-1 expression observed in IL-7 Tg thymocytes likely explains why IL-7 downstream signaling is down-regulated in IL-7 Tg thymocytes. In addition, it might also explain why IL-7R is not down-regulated in the IL-7 Tg in spite of high levels of IL-7. 
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GSK3β mediates inhibition of Notch function in response to high IL-7 levels
The attenuation of IL-7 signaling measured by a reduced level of STAT5 phosphorylation was likely due to elevated SOCS-1 expression in IL-7 Tg thymocytes. Therefore, we examined another arm of IL-7R signaling. IL-7R also activates the PI3K pathway leading to AKT (also known as Protein Kinase B) phosphorylation and inactivation of GSK3β a negative regulator of Notch-1 (10, 11) . Therefore, reduced GSK3β phosphorylation should inhibit Notch-1 signaling. We used western blots to examine PI3K-Akt-PTEN phosphorylation in sorted DN1-3 thymocytes from IL-7 Tg and control mice. Phospho-GSK3β was decreased in IL-7 Tg DN1-3 thymocytes, while phospho-PTEN was unchanged compared with WT cell thymocytes (Fig. 4A) . We also confirmed that phospho-Akt at Ser 473 was decreased in these samples (Fig. 4A) . Therefore, these data suggest that the inhibition of the PI3K pathway we observed is associated with a reduction of GSK3β phosphorylation.
Based on these results, we hypothesized that reduced Akt-dependent inactivation of GSK3β was responsible for Notch down-regulation. Therefore, we explored T-and B development in the presence of IL-7 and lithium chloride (LiCl) a GSK3β inhibitor, on OP9-DL stromal cells (11) . We cultured LSK cells from IL7-Tg mice at 1 ng ml −1 of IL-7 and LSK cells from WT mice at 1, 10 and 40 ng ml −1 of IL-7 in the presence or absence of 10mM of LiCl added during the first week of culture. We analyzed T-and B-cell development after 2-4 weeks. The total cell counts were similar in cultures treated with or without LiCl. In the groups exposed to high IL-7 doses (IL-7 Tg or WT progenitors cultured with 10 and 40 ng ml −1 of IL-7), a significant increase of the number of DN3 c-Kit − cells (4.6-fold) was observed in LiCl-treated cultures compared with non-treated cultures ( Fig. 4B and C) (P = 0.02). The DN1 c-Kit + cells also decreased in the same group by 2.7-fold, but the difference was not statistically significant (P = 0.09). In addition, a significant decrease in the percentage of B220 + cells was observed in IL-7 Tg or WT cells treated with high 668 High IL-7 negates Notch1 signaling IL-7 when LiCl was present (P = 0.0002) (data not shown). These data suggest that LiCl inactivation of GSK3β restored Notch-dependent thymocyte development as evidenced by cells transiting beyond the DN1 block observed under high IL-7 conditions.
Discussion
Within the thymic microenvironment, integration of Notch-1 and the IL-7 signaling pathways are crucial to support T-cell development. IL-7 expression in thymic epithelial cells is regulated by location, ageing and thymocyte interactions (4) (5) (6) 29, 30) . Given the importance of IL-7 and Notch signaling on thymus function, it seemed likely that efficient thymocyte development might depend on cross-talk between these pathways. Therefore, alterations in bioavailability of IL-7, e.g. during high dose clinical treatments, may affect T-cell development. Support for this concept was provided by a study showing that IL-7 enhances proliferation of early thymocytes while opposing Notch-1-dependent progression beyond the DN3 stage in OP9-DL1 co-cultures (31) . Another example was the finding that Notch-1 signaling potentiates IL-7 signaling in human thymocytes grown on OP9-DL1 (32) . Together, data from these in vitro studies suggest that regulatory circuits do exist between the IL-7 and Notch pathways.
To investigate the effect of clinically therapeutic levels of IL-7 in vivo, we created a Tg mouse that expresses about 40-fold higher than normal levels of IL-7 in the thymus (17) . Unexpectedly, high IL-7 levels reduced αβ T-cell development (17) , while promoting thymic B-cell development. Our findings differ from data using a different IL-7 Tg where B-lineage cells entered the thymus from the circulation due to very high levels of B lymphopoiesis in spleen, lymph nodes, and blood (33) . In contrast, we propose that high levels of IL-7 inhibited Notch based on our observation of numerous phenotypic abnormalities observed in the IL-7 Tg thymus and known to be associated with decreased Notch-1 signaling: fewer T cells and more B cells in the thymus; (7, 8) reduced numbers of ETPs, DN2 and pre T cells and increases in γδ T cells and NK cells (18) . This idea was strengthened when we observed decreased steady state levels of the Notch-1 target genes Hes-1 and Deltex in ETP cells. Together, our data strongly suggested that a major effect of high IL-7 on thymocytes is an active inhibition of Notch-1 signaling in spite of abundant DLL1 or DLL4 in the thymus and in our OP9-DL1 co-cultures.
We next examined signal transduction pathways to determine how Notch signaling was reduced and determined that PI3K, Akt and GSK3β are hypo-phosphorylated in IL-7 Tg thymocytes compared with controls. These data provided insight toward a potential mechanism because it is known that GSK3β phosphorylates and inhibits Notch (10, 11) . Based on this idea, we showed that LiCl inactivation of GSK3β (10, 11, 34) in cells exposed to high IL-7 levels resulted in restoration of normal thymocyte development in OP9-DL co-cultures. Together, our data strongly suggested that a major effect of high IL-7 on thymocytes is an active inhibition of Notch-1 signaling.
Our results indicate that high levels of IL-7 also skew signaling networks and alter the developmental potential of thymocyte precursor cells. For example, we observed an increase in SOCS-1 expression in IL-7 Tg c-Kit + DN1 cells. In accord with SOCS-1 ability to blunt cytokine responses (35), we also found that phospho-STAT5 levels were reduced in IL-7 Tg DN1-4 cells compared with WT controls. This finding distinguishes our work from others that showed that expression of constitutively active STAT5 drives thymic B-cell development (36) . In addition, we documented an increase in EBF and Pax5, master regulators of B-cell development in DN1 c-Kit + cells sorted from IL-7 Tg mice. Conversely, we showed a dramatic decrease in Bcl11b and TCF-7, two genes critical for T-cell lineage commitment and development in DN1 c-Kit + cells sorted from IL-7 Tg mice. Of particular interest is the recent finding that Bcl11b expression is repressed in culture conditions with high levels of IL-7 and Notch ligand (25) . In these conditions, DN2 cells that retain myeloid and T-cell (but not B-cell) potential accumulate but are unable to undergo T-cell development until IL-7 levels are reduced (25) . Although our data suggest that cells from an earlier developmental stage are diverted to thymic B-cell development in the IL-7 Tg, it seems likely that repression of Bcl11b by high IL-7 contributes to the inefficiency of T-cell production observed in vivo and in vitro. Together, these data are consistent with a diversion from T-to B-lineage development of IL-7 Tg thymic precursors.
One intriguing question is the nature of the cells that give rise to the abnormal thymic B-cell development in our Tg model. The majority of the earliest thymic precursor cells has a history of IL-7R expression (2) that may affect lineage choice in the thymus. Using the OP9-DL1 co-culture system, we tested different progenitors in the IL-7 Tg for B-cell potential. ETPs did not appear to be the source of the thymic B cells observed in the IL-7 Tg mice. However, we identified CLP-2 cells in the thymus of IL-7 Tg mice that was absent in WT mice, possibly representing a rare population of independent progenitor cells seeding the thymus (20) . We also observed a distinctive population of B220 + AA4.1 + CD19 + cells that developed from LSK progenitors in the presence of high IL-7 and Notch-1 ligand (37) . These cells are similar to the B220 + CD19 lo cells described in vivo as pro-T cells that convert to B cells upon Notch-1 deletion (38) . CLP-2 cells normally die in the thymus in response to Notch signaling (39) . Together, these findings suggest that the abnormal B-cell development in the IL-7 Tg thymus results from inhibition of Notch-1 signaling in lymphoid progenitors. This idea was supported by the reduced number and T-cell potential of IL-7 Tg ETP cells in spite of the presence of Notch ligand. In addition, TCRαβ differentiation in IL-7 Tg mice is blocked at the DN3 stage, a point where it has been reported that high Notch levels are required for survival and expansion (40) . In addition, a down-regulation of Notch-1 signal may lead to accumulation of CLP-2 progenitors in the IL-7 Tg thymus and may constitute an alternative progenitor population giving rise to the B cells and thymocytes found in the IL-7 Tg thymus. The increase of LRF expression in LSK Flt3 + BM cells in IL-7 Tg mice could also explain the variability of thymic seeding progenitors in their T versus B potential leading to less T and more B cells in the thymus.
These findings demonstrate for the first time that high levels of IL-7 antagonize Notch signaling and dysregulate thymus function. It is likely that this information will lead to new understandings regarding lineage choice and expansion of High IL-7 negates Notch1 signaling 669 precursor cells. For example, precursor cells are exposed to differing levels of IL-7 due to gradients formed by clusters of cells expressing higher levels of IL-7 in the thymus and other anatomical sites (5). Because our work suggests that IL-7 mediates an environmental regulation of Notch signaling, differences in localized IL-7 availability in niches such as BM and thymus may be an important component of B-T lineage development. It may also explain the functional importance of thymocyte down-regulation of IL-7 expression in thymic stromal cells (6) . Our findings also present new considerations for patient treatment since IL-7 has been introduced in clinical settings (15, 41) . Optimal clinical effects on peripheral expansion occurred at levels 1000-fold over baseline (15) , which corresponds to the high levels of IL-7 where we observed negative effects on thymic function in our experimental models. Based on our data, we hypothesize that high IL-7 levels would diminish thymus function and may preclude simultaneous augmentation of T-cell populations by thymic dependent and peripheral expansion pathways by high dose IL-7 treatment. This may be an especially important consideration for pediatric patients because they often exhibit robust thymic function following hematopoietic stem cell transplantation.
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